For epithelia, all too frequently this or that ultrastructure is spoken of as "absorptive" or '(secretory.'' Correlation between structure and function must relate to phenomena, such as the apparent active transport of weak electrolytes or water, that are unique for the epithelium. The macroscopic tubule of the gastric mucosa eannot sequester the active transport of hydrochloric acid from the solution bathing the mucosa. In the absence of both intracellular canaliculi and a microvillous border from the amphibian parietal cell, by exclusion, the endoplasmic reticulum or the plasma membrane proper must be considered as possible structures responsible for the sequestration.
THE WEALTH of detail revealed by the electron microscope has placed in our path the temptation to point to this or that opacity, encountered in a micrograph of an epithelium, as subserving the function of "secretion" or "absorption." The movement of saline is usually considered to result from the active transport of the appropriate ions. The thought that this or that ultrastructure is dynamically responsible for active transport becomes implicit. Yet there is an active transport of ions across the plasma membranes of all cells. The active transport of ions will even proceed across the membranes of the red-cell ghost' and extruded squid axon2 without assistance from the cytoplasmic machinery. If we are to seek any clues to the part played by the ultrastructure of epithelia, it would be more appropriate to concern ourselves with those features that appear to be unique for the function of epithelia. The elementary function of epithelia is to bring about a net flow of material.
I would like to analyze in some detail a feature of the flow of material across the gastric niucosa that is associated with the formation of hydrochloric acid. This feature, which has not been recognized in nonepithelial structures, is believed to account for the anomalous, From the Department of Physiology, University of Iowa School of Medicine, Iowa City, Iowa.
Much of the previously unpublished experimental work was completed at the Laboratory of Kidney and Electrolyte Metabolism, National Heart Institute, Bethesda, Md. apparent, nonspecific active transport of weak electrolytes and water. It is not peculiar to the gastric mucosa, since there is also an active transport of weak electrolytes3 and water across the intestinal epithelium.4 If the information were sought, we might find that it is a more general feature of epithelial function.
Before presenting the observations, it may be pertinent to describe the problem. Both weak electrolytes and water are actively transported across the actively secreting gastric mucosa in the sense that they are moved from a lower to a higher electrochemical potential or are moved from a lower to a higher activity. I believe that there are cogent reasons, particularly so in the case of weak electrolytes, for rejecting the proposition that this active transport or transfer of energy is accomplished by specific mechanisms that are primary. On the contrary, the phenomena can be interpreted with a simpler model which, though it lacks definitive proof, is reasonable. An active transport of water and weak electrolytes would occur if the site of the primary active transport of hydrogen and chloride ions did not communicate freely with the lumen of the stomach and if there existed some restraint to the free diffusion of solutes between the site of transport and the lumen. One challenge is to seek a structural explanation for this restraint.
Since the anomalous movement of weak electrolytes was the first to be described,5 I would like to consider this first. If one mear-Circulation, Volume XXVI, November 1962 18IOGBEN tires the unidirectional fluxes of lactate-lactic ae.id* across the isolated, spontaneouslv secreting, bullfrog gastric mucosa, one finds that the flux from mucosa to serosa is 22 times nmore rapid than the flux in the opposite direction (table 1) . This finding is not surprising. It is generally assumed that the plasma membrane is an essentially lipoid structure. which is more readily permeated by the lipidsoluble un-ionized ntoietv of a weak electrolyte. By virtue of the secretion of hydrochloric acid, the mucosal solution has a lower pH and hence a greater proportion of un-ionized lactic acid to ionized lactate. Surprisingly, the favored movement of lactate from inucosa to serosa is not modified substantially by experimentally reversing the normal H+-ion gradient between the two bulk solutions bathing the m-nucosa. When 20 mM/l. glycvlglyeine was used as the primary buffer and the pH adjusted to a mean of 7.4 for the rnucosal and 6.8 for the serosal solutions, the ratio of the fluxes across the spontaneously *For brevity, I shall subsequently refer to this as lactate flux, eveni though it is argued that the flux of lactic acid predominates. secreting mucosa remained essentially unchanged at 18 (table 1) . A more significant change was obtained using 20 mEq./l. HCO3and 5 per cent CO2 as the buffer without undertaking to reverse the H+-ion gradient. Presumablv HCO3-:CO2 functions more effeetively as a buffer in this context by virtue of the free diffusioln of CO2 and thus ean reduce the flux ratio to 9 (table 1).
The unexpected observation that there is a greater movement of lactate from mucosa to serosa than in the opposite direction, even when the inucosal solution is miore alkaline than the serosal solution, could prompt the abandonment of the premise that lactate-lactic acid permeates the mucosa as lactic acid and that the flux is determained by the pH of the solution from which the flux originates. Eveni though lactate is a norinal substrate and might be transported by a specific mechanism. such a rejection would be premature.
In the circumstance where the hypothesis can be put to explicit test, uncomplicated by a question of a diffusion restraint between the site of hydrochloric acid secretion and the solution bathing the mucosa, ample confirma- tion has been obtained for the preferential permeation by the un-ionized moiety.6 Collection of gastric juice from the profusely secreting canine Heidenhain's pouch allowed us to analyze the fluid formed at the site of formation, undisturbed by a requirement of having to bathe the mucosa with another solution of different character. The steady-state gastrie-juice :plasma-concentration ratios of weak electrolytes were precisely those predieted by the H+-ion trapping hypothesis. In spite of this proof, when the absorption of weak electrolytes from the mammalian stomach was investigated, it was found that, though absorption could be qualitatively predicted on the basis of lipid-solubility, the effect of varying the pH of the bulk solution placed in the lumen did not correspond quantitatively to the altered concentration of the un-ionized moiety. 7' 8 Returning to the exchange of weak electrolytes across the isolated, bullfrog gastric mucosa, we can ask two further questions: is the anomalous movement of lactate unique, and is it dependent on the section of H+ ion? The exchange across spontaneously secreting bullfrog mucosa of two other acids, pentothal and phenolphthalein and of four bases, aniline, neutral red, quinine, and Dromoran conform to expectations based on the behavior of lactate. The weak acids diffused more rapidly out of the mucosal solution and the weak bases out of the serosal solution. Reversing the ordinary pH gradient between the bulk solutions did not change the picture. Though these measurements do not constitute as critical a test of the hypothesis as the measurement of unidirectional fluxes between solutions having identical concentrations of weak electrolyte, they do indicate that a variety of weak electrolytes of dissimilar structure are anomalously transported across the isolated mucosa.
The active transport of lactate is apparentlv dependent on the secretion of H+ ion. WYhenl the isolated gastric mucosa is exposed to a 25 mEq./l. concentration of thiocyanate ion, the secretion of H+ is substantially, though not completely, inhibited (table 2) . If, in addition, the normal pH gradient of the two bulk solutions bathing the bullfrog mucosa is also reversed by increasing the HCO-3 concentration of the mucosal solution of 35 mEq./l. and by decreasing that of the serosal solution to 10 mEq./l., the flux of lactate from mucosa to serosa becomes less than that in the opposite direction such that the flux ratio is 0.6 (table 1). Though this is greater than the ratio of 0.25 predicted on the basis of the difference in pH between the two solutions, the secretion of H+, as noted above, is not completely eliminated by the chosen concentration of thiocyanate.
The model proposed to explain the active transport of weak electrolyte across the se-*Higher concentrations of SCN lead to a progressive irreversible deterioration of the mucosa. cretinlg gastric mucosa is pictured in figure 1 .
In moving from one bulk solution to another, the weak electrolyte is depicted. in turn, as crossing a lipoid barrier, a region whose pT1 may be different from that of the bulk solution bathing the mueosal surface, and finally a diffusion path that does not discriminate between the ionized and un-ionized moieties. It is not unreasonable to propose that the plasma membrane of the lurninal face of the cell is the structural basis for the lipoid barrier. Without further elaboration, it would account for the movement of weak electrolyte, except for the anomalous movement between an alkaline mucosal and acidic serosal solution (reversed pH).
What is not obvious is the proposed region that has a distinTctive pH and also communicates with the mucosal solution. For the reoion to mainitain its pH distinctively different from the mucosal solution, there must be a restraint to the attainment of a diffusion equilibrium of solutes. Though it is not necessarily apparent, this second boundary or restraint cannot be simply another lipoid barrier selectively permeable to the un-ionized rioiety. If that were the case, we would have, in effect, a single lipoid barrier arid no explanation for the anomalous movement of weak electrolyte. For the proposed mechanism to operate, the ionized moiety has to traverse the path of restraint with an ease comparable to that enlcountered by the un-ionized moiety. If we remain wedded to a rather Circulation, Volume XXVI, November 1962 1112 pH 8 pH 6 unsophisticated view of the plasma membrane as a lipoid structure, it is difficult to visualize the whole system as packaged within the plasma membrane. If we find it difficult to limit the system to the plasma membrane, the diffusion restraint would then appear to be a long diffusion path rather than a pore of particular dimensions. The nature of the structure of the diffusion restraint can now be considered in reference to the movement of water.* But before we leave the anomalous movement of weak electrolyte, a comment on active transport is not inappropriate. Since there occurs a net movement of lactate between solutions having identical concentrations of total weak electrolyte across a secreting mucosa, in the absence of a transepithelial electrical-potential difference and irrespective of the H+-ion gradient, energy must be expended to overcome the inherent resistance of the membrane. By definition, the weak electrolyte is actively transported. In the proposed mechanism, the energy for active transport derives indirectly from the secretion of H+ ion. The weak-electrolyte movement would dissipate the H+-ion gradient, were it not being continuously replenished. Energy is consumed primarily in the active transport of the H+ ion.
More noteworthy examples of active transport have commonly been considered to involve a combination with a "carrier" which is fixed in the membrane and has a selective affinity for the transported solute. For want of a better term, I have been prompted to designate a secondary active transport, such as that *While the primary concern of this paper is to relate structure to function, the isolation or sequestration of the site of HCl transport fromn the bulk solution bathing the mucosal surface has a bearing on attempts to understand the formation of HCl.
It has been argued that the failure to depress the electrical-potential difference across the resting, canine gastric mucosa by exposing the mucosal surface to isotonic NaHCO3 excludes a mechanism of forced exchange of Clfor HCO-3.' Since the character of the lumen bulk solution need not necessarily be the same as at the site of active transport, the argument may be as frivolous as the author 's choice of a running title, " Baking soda and gastric P. D." Circulation, Volume XXVI, November 1962 of the weak electrolyte across the gastric mucosa, which also requires expenditure of energy by the membrane, as nonspecific active transport.
To appreciate the subsequent analysis of the movement of water across the gastric mucosa, it would be well to recall that the secretion formed has essentially the same osmolarity as that of the solution from which it is derived. We are predisposed to accept the premise that secretion of hydrochloric acid results from the primary active transport of H+ and Cl-. Water is presumed to move passively in response to the osmolar gradient established by the active transport of these solutes. This being the case, it follows that the boundary across which H+ and Clare transported must be readily permeable to water. Any considerable restriction to the ready movement of water would become manifest as a significant hyperosmolarity of the gastric juice. At best, an osmolar gradient of a few milliosmoles per liter is sufficient to insure an adequate movement of water, commensurate with the rate at which H+ and Cl-are being actively transported.
In 1956, Durbin, Frank, and Solomon reported their study of the movement of water across the amphibian gastric mucosa.10 I would like to comment on two of their findings, which have been redrawn in figure 2 .
In their experiments, they measured the net movement of water across the secreting mucosa and across the mucosa inhibited with SCN-.
Three aspects of their work should be noted here: a net movement of water from isotonic saline into a more dilute solution, when the mucosa is secreting spontaneously; the magnitude of the osmolar gradient necessary to achieve a net movement of water across the nonsecreting mucosa; and a departure of the relative flow rate across the secreting mucosa, from a linear relation to the osmolar gradient. In the present context, the net movement of water from a more concentrated to more dilute solution or from a lower activity of water to a higher activity is the more impor- fig. 2) , would constitute such a imovemenit. If one accepts a rather rigid definition of active transport as the net movement of material from a lower to higher electrochemical potential, theni water is actively transported across the secretint gastric mucosa.
This active transport of water cannot be simply ascribed to active transport of solute without further elaboration. In the absence of an osmotic gradient between the two bulk solutions, the solution moved is essentially iso-osmotic. If the movement of water is secondary to the active transport of solute, then the osmolar gradient necessary to achieve the spontaneous flow of water can onily be a few milliosmoles per liter. Yet the osmolar gradient required to achieve a comparable rate of flow across the nonsecreting mucosa is approximatelyr 100 mOsM I (fiff. 2).
This problem of the "apparent," or seeoudaryv active transport of water has beeni previously commented upon by Cnirran1' and examined in an explicit physical model.12 He considered the movement of water betweeni three compartments, the middle vompartment being separated from one compartment (serosal bulk solution) by a partially semipermeable membrane and from the other compartment (mucosal bulk solution) by a membrane freely permeable to solute. In general terms, his development does not differ fromn that undertakeni in this paper. However, the emphasis here will be upon the separation of the "middle compartment,' +3.0r For an apparent active transport to occur, there must be an osmolar gradient between the site of transport and the dilute lumen fluid. The diffusion restraint can be most readily visualized as a tube. For such a tube, one can write the simple differential equation dQ = -DA d + Ave, given in figure 3, relating the net diffusion of solute Q to the diffusion coefficient D, area A, and the concentration gradient c, as a function of distance along the tube x and of the velocity of fluid movement v. In figure 3 , the observed values of Durbin, Frank, and Solomon have been fitted to this equation. Whether or not it is necessarily compelling, it is noteworthy that the fit does satisfactorily relate net movement of water to the osmolar gradient across the isolated gastric mucosa. If reasonable values are substituted in the equation and if it is presumed that the hypothetical tube separating the site of transport from the bulk solution is the relatively macroscopic gastric tubule of the mucosa, then for a tubular surface area 6.7 per cent of the gross area, the tubule would have to be 2.3 millimeters long, even though the whole thickness of the mucosa is less than 1 millimeter.
The dimensions of the problem can be perhaps specified more explicitly by considering the steady-state circumstance of no net movement of water across the secreting gastric mucosa. This obtains when the lumen bulk solution is more dilute than the serosal bulk solution by 100 mOsM/l. The character of the diffusion restraint imposed between the site of transport and the lumen bulk solution, expressed as A/Ax, can, as a first approximation, be obtained from the simple form of the Fick equation for the diffusion of HCI, as pictured in figure 4 . For simplicity, it is assumed that HCI is actively secreted just at the base of the tube. At this locus, there is a semipermeable membrane, which permits water to attain its own diffusion equilibrium. If, as may well be the case, HCI Circulation, Volume XXVI, November 1962 is transported all along the length of the tube, then the estimate of A/Ax for the diffusion restraint would be even less than that computed. The presumption that water moves freely across the semipermeable membrane to achieve diffusion equilibrium is dictated by the observation that the spontaneously secreted HCl solution is essentially isotonic. The analysis presented in figure 4 gives a conservative estimate of 0.27 for A/Ax for the diffusion of HCI away from its site of active transport. When this is compared to the estimate of 1.5 for the gastric tubule A/Ax given in table 3, it is clear that the gastric tubule does not account for the apparent active transport of water.
It is at this juncture that I would like to search further for a structural basis for the separation of the site of active transport fromn the gastric lumen. Prior to the more recent electron-microscopic studies of the amphibian The "gastric black box,"' or an attempt to estimate the diffusion restraint imposed on movement of HCI from the site of active transport to the wellstirred bulk solution. Condition considered is that of zero net movement of water and the rate of HCI diffusion through the region of restraint just equals the rate of active transport. There are three unknowns: effective area A, length Ax, and the permeation coefficient D. The estimated ratio for A/Ax assumes the free diffusion permeation coefficient of HIO. l11X.) gastric mucosa,'3 it was possible to argue that either the distinctive intracellular canaliculi of the parietal cell or its microvillous border could account for the sequestration.
Since both of these are absent from the amphibian gastric secretory cell, we have to look elsewhere for an explanation. As illustrated in the two micrographs, figures 5 and 6, taken from the work of Sedar. there is at least a suggestion of "<tubular ' structures which may communicate with the gastric tubule lumen. This electron-microseopic study also confirms the absence of intracellular eanaliculi anid a mnierovTillous border from the amphibian gastric "secretory" cell. If apparent "'tubular" struetures in the apical cvtoplasm do indeed communicate with the gastric lumen, then they could serve as the necessary channels for the diffusion restraint. Other evidence suggests that H+ and Clare actively transported at the lumninal plasina rnembrane,14 whether or not into these apparent channels. The above analysis does not resolve the question of whether the diffusioin restraint at the site of active transport is built into the plasma membrane proper or develops in a long diffusion path created by the invagination of the plasma membrane. It is hoped that a question has been posed for which we will obtain a structural answer.
Figure 5
From the bullfrog gastric mucosa: an electron micrograph of several "parietal" cells surrounding the lumen (L) of a gastric tubule. Profiles of vesicles (V), rows of vesicles (BV), and elongated profiles (T) are more striking in the cell zones adjacent to the lumen. More peripheral areas contain fewer vesicles and tubules. Intracellular canaliculi are not present in the cytoplasm, and the lumen is not bounded by a packed array of micro,villi. Other structures include nucleus (N), mitochondria (M), "microbodies" (MB), and "zymogen granules" (Z). (Courtesy of A. W. Sedar. 13) 
